Abstract: A photonic approach to generate a phase-coded microwave waveform with frequency quadrupling is proposed and experimentally demonstrated in this paper. The system consists of a dual-parallel Mach-Zehnder modulator (DPMZM), a phase modulator (PM), a fiber Bragg grating (FBG), an optical coupler, and a photodetector. An optical carrier is modulated by a local oscillator (LO) in the DPMZM, and pure ±second-order sidebands are generated. Then, the two sidebands are separated by the FBG, and one of them is modulated by the coding signal through the PM. Both binary and quaternary phase-coded microwave signals with frequency quadrupling of the LO signal can be generated after detecting the recombined two sidebands. The proposed scheme is verified by experiments; phase-coded microwave waveforms at 24 and 12 GHz are generated by applying 6-and 3-GHz LO signals to the DPMZM, respectively. The pulse compression ratios of the generated waveforms are in good agreement with theoretical value.
Introduction
In recent years, increasingly more microwave photonic technologies have been introduced into radar systems thanks to their advantages such as light weight, large bandwidth, ultra-high speed, low transmission loss, and immunity to electromagnetic interference (EMI) [1] , [2] . In modern radar systems, pulse compression techniques, including phase coding and frequency chirping, are generally utilized to improve the range and velocity resolution due to its wide bandwidth [3] . To meet the increasing demand of resolution and precision of radar systems which are limited in the electrical domain, photonic generation of phase-coded and frequency-chirped microwave waveforms with a large time-bandwidth product (TBWP) has been theoretically and experimentally demonstrated [4] - [13] .
High-frequency phase-coded RF pulses can be generated using unbalanced Mach-Zehnder interferometer (UMZI) [4] . In the scheme, no microwave signal source is used and the carrier frequency of the generated signal can be tuned by adjusting the time delay difference of the two arms in the UMZI. However, the system presents poor frequency stability. To improve frequency stability, stable microwave signal source and integrated optical external modulators were used. In [5] , a phase-coded microwave waveform is generated based on a Dual-Parallel Mach-Zehnder Modulator (DPMZM). The proposed scheme exhibits superior performance in carrier frequency tunability of the phase-coded microwave signal. Another scheme using a conventional dual-drive Mach-Zehnder modulator (DDMZM) was reported in [6] . In the system, two more wideband waveforms including quaternary phased-coded signal and frequency-chirped signal are experimentally generated. However, frequency tunability is limited by the using of an optical bandpass filter. A microwave phase-coded signal can also be generated based on polarization modulator (PolM) [7] - [10] . By applying two orthogonally polarized optical sidebands to the PolM followed by a PD, the microwave phase-coded signal can be obtained. Both techniques in [7] and [8] contain a PolM and a polarization maintaining fiber Bragg grating (PM-FBG). The PM-FBG in [7] is used to select optical carrier and one sideband. However, in [8] , the PM-FBG is used to make the two sidebands orthogonally polarized. It is noticeable that the frequency tunable range in [7] and [8] is limited by the optical filter. To simplify the system and increase frequency tunable range, schemes using a single PolM were implemented in [9] and [10] in which large frequency range from several gigahertz to tens of gigahertz can be achieved. Many other approaches based on PolM have been proposed in recent years [11] , [12] . An approach of microwave phase-coded signal generation which mainly consists of an MZM and a phase modulator (PM) was reported in [13] , [14] . Arbitrary microwave waveform, such as quaternary phasedcoded waveform, can be generated easily on account of PM.
Schemes reported in [15] - [19] are simple and can realize microwave vector signal generation with carrier frequencies of about 100 GHz. A wavelength selective switch (WSS) is used to select the specific sidebands after modulation. However, the WSS is bulky and expensive. The channel spacing of the WSS is typically larger than 10 GHz, which means the frequency of the LO must be higher than 10 GHz and is a limit in radar system.
In this paper, an approach to generate binary and quaternary phase-coded microwave waveforms with frequency quadrupling based on a DPMZM and a PM is proposed. Frequency quadrupling reduces the frequency requirement of the input LO signal. Besides, both binary and quaternary phase-coded waveforms can be generated. The main idea of the system is to separate the two sidebands generated by the DPMZM with the help of an FBG and a circulator, modulate one sideband with the coding signal through the PM and then recombine the two sidebands. The phase-coded microwave signal can be generated by beating of the recombined sidebands. Experiments are carried out to verify the approach proposed by this paper. The phase-coded microwave waveforms at 24 GHz and 12 GHz with a coding rate of 1-GSym/s are generated and off-line analyzed.
Principle
The schematic diagram of the proposed phase-coded microwave waveform generation is illustrated in Fig. 1 . It consists of a tunable laser source (TLS), a DPMZM, a circulator, a PM, an optical coupler (OC), two polarization controllers (PC) and a PD. A light wave from the TLS is sent to the DPMZM. A sinusoidal microwave signal generated from a microwave signal generator (MSG) is applied to the DPMZM where one sub-MZM is biased at the maximum transmission point (MATP) and the parent-MZM is biased at minimum transmission point (MITP). The ±2nd-order sidebands with the optical carrier suppressed can be generated by tuning DC bias of the other sub-MZM [20] . The wavelength of the −2nd-order sideband falls in the reflection band of the FBG filter, and is reflected to the PM with the help of the optical circulator. The +2nd-order sideband propagates through the FBG and is injected into the OC via PC2. The −2nd-order sideband is modulated through the PM by the coding signal generated from an arbitrary waveform generator (AWG) after PC1. The two sidebands are recombined by the OC, a high-speed PD detects the combined optical signals. A phase-coded microwave waveform, with quadrupling frequency of the applied microwave signal, is obtained.
As discussed above, the two sidebands can be expressed as follows:
where E À2 and E þ2 are the amplitudes of the ±2-order sidebands, respectively. ! 0 and ! m are the angular frequencies of the optical carrier and input microwave signal. sðt Þ is the coding signal with amplitude of V s . m ¼ ðV s =V Þ indicates the modulation index (MI), where V is the half-wave voltage of the PM. After square-law detection in PD, the photocurrent can be produced as follows:
where R is the responsivity of the PD.
As can be seen in (3), a phase-coded microwave waveform with frequency quadrupling is generated. Arbitrary phase-coded waveform can be produced in our system because the code pattern is only determined by sðtÞ.
Experimental Results and Discussion
A proof-of-concept experiment based on the setup in Fig. 1 is carried out. A light wave with a center wavelength of about 1550 nm from the TLS (Yokogawa AQ2200) is injected into the DPMZM (Fujitsu FTM7961, 22 GHz bandwidth, half-wave voltage 3.5 V). The linewidth of the TLS is about 1 MHz. A sinusoidal microwave waveform generated from a MSG (R&S SMW200A) is applied to the DPMZM. To compensate the power loss, an erbium-doped fiber amplifier (EDFA) is used before the OC. The coding signal from an AWG (Tektronix AWG7011A, 12 GS/s, maximum peak-to-peak voltage 2 V, 10-bit vertical resolution) is applied the PM (Covega, 12 GHz bandwidth) to achieve phase coding. The central frequency of the FBG is about 1549.6 nm and its 3-dB bandwidth is less than 0.1 nm. PC1 and PC2 are applied to align the polarization direction of the two sub-branches. The output of the OC is sent to the PD (U2T MPDV1120RA, wavelength range:1480-1620 nm, 35 GHz bandwidth) and then is monitored by the OSC (LeCroy SDA830Zi-A, 30 GHz bandwidth). Fig. 2 shows the measured optical spectra at specific locations in the system with LO signal at 6 GHz. Pure ±2nd-order sidebands are generated by the DPMZM with the optical carrier deeply suppressed as shown in Fig. 2(a) . By tuning the wavelength of the TLS, −2nd-order sideband is aligned with the center wavelength of the FBG and is reflected back to the OC. The two sidebands are separated with a theoretical suppression ratio of greater than 20 dB. Fig. 2(b) illustrates the reflected sideband. Suppression ratio of 28.3 dB is obtained. For the transmitted sideband, as shown in Fig. 2(c) , the suppression ratio is 19.8 dB. The OC combines the two sidebands after phase coding, as shown in Fig. 2(d) . The power of −2nd-order sideband is compensated by the EDFA in the experiment since the PM introduces an insertion loss of about 4 dB. The resolution of our spectrograph (Advantest Q8384) is 0.01 nm, the baseband signal information cannot be observed directly in Fig. 2(d) .
By applying the optical signal in Fig. 2(d) to the PD, a phase-coded microwave waveform at 24 GHz can be generated, as shown in Fig. 3 . First, the coding signal from the AWG is set as a square waveform with a symbol rate of 1 Gsym/s as shown in Fig. 3(a) . Fig. 3(b) shows the generated 24-GHz phase-coded waveform corresponding to the coding signal. To verify the effectiveness of phase coding, the phase information is recovered using the Hilbert transform and is shown in Fig. 3(c) . As can be seen, the phase shift is around 100°which agrees with experiment conditions. Then quaternary phase coding is demonstrated by applying the 1-Gsym/s coding signal shown in Fig. 4(a) . Fig. 4(b) shows the generated microwave waveform and Fig. 4(c) shows the recovered phase profile which confirms effective generation.
To validate the principle of pulse compression, a microwave phase-coded waveform with duration of 16 ns corresponding to a pseudo-random bit sequence (PRBS) with the length of 16 bits, is yielded. Fig. 5(a) and (c) shows the autocorrelation of the binary and quaternary phasecoded microwave waveforms, respectively. The zoom in figures of the main lobe are illustrated in Fig. 5(b) and 5(d), respectively. As can be seen, the peak-to-side ratios (PSR) are 4.2 dB and 5.2 dB, respectively. The main lobes have a full-width at half-maximum (FWHM) of about 0.8 ns and 0.95 ns. The calculated pulse compression ratios (PCR) are 20 and 16.84, which are approximate to theoretical value of 16.
To investigate the frequency tunability, a microwave signal at 3 GHz is applied. 12-GHz binary and quaternary microwave phase-coded waveforms can be generated while tuning the TLS to 1549.648 nm. The generated waveform and recovered phase information are shown in Figs. 6 and 7, respectively. It can be seen that the recovered phase profiles are close to the coding signals from the AWG.
Pulse compression ratios of the 12-GHz phase-coded microwave signals are also calculated and autocorrelations are evaluated which are shown in Fig. 8 . The PSRs are 4.6 dB and 5.4 dB, and the PCRs are 18.8 and 17.8, respectively.
Thanks to the frequency quadrupling, a phase-coded signal with a higher frequency can be generated but cannot be demonstrated because the real-time OSC LeCroy SDA830Zi-A we used in the experiment has a bandwidth limit of 30 GHz. Since AWG7011A has a relatively low sampling rate of 12 GS/s, the above-mentioned coding signals in the system present less perfect performance when we set symbol rate as 1 Gsym/s, but the recovered phase and pulse compression capacity are not highly deteriorated. Another issue is that when the generated ±2nd-order sidebands are separated and then recombined, random phase noise is introduced. The phase noise is a random function that depends on time and will decrease the stability of the generated waveforms. The real-time waveforms captured by the OSC will vibrate slightly with time.
Conclusion
A photonic approach to generate microwave phase-coded signals with frequency quadrupling is proposed. The frequency quadrupling operation of the scheme can decrease the frequency requirement of the input LO signal. The proposed scheme is experimentally investigated and off-line analyzed. 24-GHz and 12-GHz microwave phase-coded signals are generated, respectively. Both binary and quaternary phase-coded waveforms are achieved. Pulse compression ratios of around 16 are obtained, which are close to theoretical value. The performance of the experiment is limited by the sampling rate of the AWG. A better performance of recovered phase profile can be obtained using an AWG with higher sampling rate, and phase-coded microwave waveforms with higher frequency can be demonstrated if an oscilloscope with larger bandwidth is used. We believe that the proposed scheme can find the applications in broadband radar systems. 
